In the Drosophila embryo, activation of wingless and engrailed in the parasegment requires paired, a member of the Pax family of transcription factors. We have explored the possible conservation of this regulatory hierarchy in the developing mouse brain. We find that Pax-2 is expressed prior to somite formation in the presumptive mid/hindbrain region. Shortly thereafter, Wnt-1 (the wingless orthologue) and Engrailed-I are expressed in overlapping regions within the Pax-2 domain. Pax-5 expression commences later, at the 3-somite stage. Thus, the spatial and temporal expression of Pa-2 is consistent with a possible regulatory role in the activation of Wnt-1 and En-l.
Introduction
Early events in central nervous system (CNS) formation include induction of the neural plate, neural tube closure and anterior-posterior segmentation of the forebrain, midbrain, hindbrain and spinal cord. Several genes have been described that display spatially restricted patterns of expression in the embryonic brain, indicating that they may provide instructions during development (Wilkinson et al., 1987; McGinnis and Krumlauf, 1992; Pueles and Rubenstein, 1993) . The murine proto-oncogene Wnt-I, a putative signaling peptide, is expressed in the presumptive midbrain at the 1-somite stage (McMahon et al., 1992) . Mouse embryos homozygous for null alleles of Wnt-l fail to develop the midbrain and anterior hindbrain, demonstrating an essential role within a large portion of the brain (McMahon and Bradley, 1990; Thomas and Capecchi, 1990; McMahon et al., 1992) .
The Drosophila Wnt-1 orthologue is encoded by the segment polarity gene wingless (wg) (Rijsewijk et al., 1987) . Both the wg and engrailed (en) genes have central * Corresponding author, Tel.: +l 617 4963757; Fax: +l 617 4963763. roles in parasegmental organization of the developing embryo. Their expression in a series of narrow stripes at the boundaries of the parasegments requires the pair-rule genes fmhi tarazu, evenskipped, paired @r-d) and odd paired (DiNardo et al., 1988; Martinez-Arias et al., 1988; Bejsovec and Martinez-Arias, 1991; Gonzalez et al., 1991; Heemskerk et al., 1991; Ingham, 1991) . Genetic evidence suggests that prd functions as a positive transcriptional regulator of both wg and en (Morrissey et al., 1991) . Following gastrulation, expression of en and wg is maintained by cell-cell interactions (Ingham and Martinez Arias, 1992) , and genetic evidence suggests that en may be a direct target of wg signaling (for reviews see Peifer and Bejsovec, 1992; Klingensmith and Nusse, 1994; Perrimon, 1994) .
In the developing vertebrate brain, En-f, a murine homologue of en, is temporally expressed with Wnt-l in the neural plate, suggesting a common activation mechanism. Moreover, in Wnt-I null mutant (-I--) embryos, En-I and En-2 expression is rapidly lost, in keeping with a requirement for Wnt-I in the maintenance of Engrailed expression or the cell population expressing Engrailed (McMahon et al., 1992) . Interestingly, targeted disruption of En-I also results in failure of development of mid-and hindbrain structures (Wurst et al., 1994) (Gruss and Walther, 1992) . In zebrafish, pax-b is expressed in concordance with wnt-I and eng-2 (Krauss et al., 1991) . Moreover, antibody-induced ablation of pax-b results in decreased wnt-1 and eng-2 expression and deletion of the midlhindbrain region (Krauss et al., 1992) . Thus, pax-b may lie upstream of wnt-I and engrailed in a regulatory hierarchy.
Previous work has examined expression of the zf-pax-b homologues, Pax-2 and Pax-5, in the developing murine CNS but did not include comparative information on neural plate stages. Nornes et al. (1990) reported that Pan-2 gene expression was first detected at 10 dpc in the neural tube at the midbrain-hindbrain junction and in two regions of the ventricular zone on either side of the sulcus limitans extending caudally from the hindbrain along the spinal cord. Puschel et al. (1992) demonstrated Pax-2 in the embryonic midbrain at 3-somites (approx. 8.25 dpc). Pax-5 expression has been reported at the midbrainhindbrain junction and anterior hindbrain from 8.5 dpc (Adams et al., 1992; Asano and Gruss, 1992; Urbanek et al., 1994) . The phenotype of Pax-5 -I-embryos indicates a role for this factor in the development of mid-and hindbrain structures (Urbanek et al., 1994) .
Given their early expression in the primordial CNS, activation of Wnt-I and En-l presumably requires factors that have fundamental organizational functions in the neural plate. Our comparative studies demonstrate that Pax-2 is first expressed as the neural plate forms, several hours before Wnt-I and En-l. The Pax-2 expression pattern encompasses the regions where these genes are first expressed in the presumptive mid/hindbrain. Thus, the spatial and temporal expression of Pax-2 is consistent with the possibility that it is involved in the activation of Wnt-I and/or En-l expression.
Results

Pax-2, Wnt-I and En-l expression at presomitic stages
Whole mount in situ hybridization was used to determine the onset of Pax-2 expression in the mouse embryo (Fig. 1) . Pax-2 mRNA transcripts were first detected at the late primitive streak stage distributed diffusely in the anterior region of the embryo ( Fig. 1B ; approx. 7.5 dpc), preceding the appearance of an obvious neural plate. Subsequently, Pax-2 expression is detected in two bands which extend from the ventral aspect to the lateral (future dorsal) margins of the neural plate in the area of the presumptive mid/hindbrain ( Fig. lC-E ,H,I). Analysis of tissue sections indicated that expression is entirely restricted to neural tissue (Fig. HI) . Pax-2 expression shows a ventral to dorsal progression, being initially strongest ventrally ( Fig. IE) as has been previously noted for Wnt-I and En-l (McMahon et al., 1992) . At the early head fold stage when Pax-2 is strongly expressed, weak En-1 expression is first detected in a domain encompassed by that of Pax-2 (Fig. 1G ). Wnt-I ( Fig. 1F) and Pax-5 (data not shown) expression are not detected at this stage.
Wnt-I, En-l, Pax-2 and Pax-5 expression in the neural plate at the I -somite stage
By the 1-somite stage, Wnt-1, En-l and Pax-2 are all expressed in the presumptive mid/hindbrain region (Fig.  2) . As has been previously shown, Wnt-1 and En-l expression overlap in the presumptive midbrain. The rostra1 boundary of Wnt-1 expression extends to what is probably the anterior limit of the midbrain ( Fig. 2A,E) , while En-l expression extends more caudally into the rostra1 hindbrain (Fig. 2B,F) . Interestingly, Pax-2 expression is broader than that of either Wnt-1 or En-l, and appears to encompass both the Wnt-1 and En-l expression domains (Fig. 2G) . Pax-5 expression is not detected at this time (Fig. 2D,H ) and does not appear until about three somites, just preceding the expression of En-2 in the caudal mid brain/rostra1 hindbrain (data not shown; .
Pax-2 and Pax-5 expression at the 25-somite stage (9.5 dpc)
Pax-2 expression is highly dynamic in the embryonic brain. In the mid/hindbrain, the broad pattern of Pax-2 expression early on (Fig. 2G ) becomes restricted to a concise region caudal to the stripe of Wnt-l-expressing cells at the midbrain-hindbrain junction (compare Fig. 3A  and B) . At 10 somites there is extensive Pax-2 expression in the forebrain (data not shown), which by 20-2.5 somites is limited to a thin band in the rostra1 forebrain and the optic vesicle (Fig. 3B) . Pax-2 is also expressed in the otic vesicles and a ventrolateral population of neurons in the neural tube (Nornes et al., 1990) (Fig. 3B) as well as the mesonephric duct (Dressler et al., 1990 ). At 9.5 dpc, Pax-5 is expressed in a similar group of cells in the rostra1 forebrain (compare Fig. 3D and B) after the onset of Pax-2 (data not shown), and in a broad region of the caudal midbrain/ rostra1 hindbrain, similar to the domain of En-l (compare Fig. 3C and D) and En-2 (data not shown; .
Discussion
Our results suggest parallels between the regulation of members of the Wnt, Pax and En gene families in the vertebrate brain and their counterparts in the Drosophila parasegment. In the Drosophila embryo, paired, a Pax family member, is necessary for activation of the segment polarity genes, wg and en (Morrissey et al., 1991) . Pax proteins are thought to bind DNA directly (Triesman et al., 1991; Czerny et al., 1993; Epstein et al., 1994) and function as transcriptional activators (Adams et al., 1992; Fickenscher et al., 1993) . Thus, they may directly activate target gene expression in vivo, as suggested by the work of Urbanek et al. (1994) . In contrast, maintenance of wg and en expression depends on a reciprocal cell-cell interaction involving two signals: Wingless itself, and Hedgehog (see Ingham, 1993 and reviews by Klingensmith and Nusse, 1994; Perrimon, 1994) . In the Drosophila embryo, wg and en are expressed exclusively in adjacent cell populations, whereas in the developing mouse brain some cells clearly express both genes, e.g., at the midbrainhindbrain junction (McMahon et al., 1992) .
Activation of Wnt-I, En-l and En-2 in the embryonic mouse brain
In this analysis, we demonstrate Pax-2 gene expression in the mouse embryo from the late primitive streak stage (7.5 dpc). Pax-2 expression is localized to the anterior region of the embryo before obvious neural plate formation. Subsequently, Pax-2 expression is restricted to the neural plate in the presumptive mid/hindbrain.
Pax-2 expression predates that of Wnt-I and En-l, but encompasses their combined expression domains at about the time of condensation of the first somite (approx. 8 dpc), when these genes are first transcribed (Fig. 4) . Thus, Pax-2 satisfies certain criteria for a factor involved in Wnt-l and/or En-l gene activation.
To our knowledge, Pax-2 is the first gene expressed in the presumptive mid/hindbrain and it is tempting to speculate that it has a role in development of this region. Interestingly, previous work in zebrafish has shown that Pax proteins may be potential regulators of wnt-I and engrailed (Krauss et al., 1992) . Injection of antibodies directed against zf-pax-b (encoded by the zebrafish Pax-2 homologue) appears to block wnt-l and eng-2 expression at the midbrain-hindbrain junction and results in the deletion of associated brain regions. Thus, our temporal/ spatial expression analysis, taken together with evolutionary considerations, suggests that Wnt-I and En-l may be targets of Pax-2-mediated regulation in the murine brain. We have identified a 110 bp minimal enhancer element that is sufficient to activate expression of a reporter transgene in the Wnt-1 pattern at neural plate stages (D.H. Rowitch, Y. Echelard and A.P. McMahon, unpublished). Interestingly, Pax-2 has been found to bind to the minimal enhancer in vitro, consistent with this hypothesis (P.S. Danielian and A.P. McMahon, unpublished) .
In contrast to Pax-2, Pax-5 is first expressed much later, at the 3-somite stage in the presumptive mid/hindbrain region. At about 25 somites (approx. 9.5 dpc) Pax-5 mRNA is detected at the midbrain-hindbrain junction and anterior hindbrain in a pattern similar to, if not identical with, the combined expression domains of En-l (Fig 3D) and En-2 . Therefore Pax-5 can be ruled out as an activator of Wnt-1 and En-l on the grounds that it is expressed too late in development.
Indeed, the phenotype of the Pax-5 null mutant mouse is mild compared to that of Wnt-1 and En-l (Urbanek et al., 1994) . Nevertheless, since the affected part of the brain in the Pax-5 mutant (inferior colliculus) falls within the Wnt-I/En-l domain, subtle effects on later stages of Wnt or Engrailed expression are possible.
Maintenance of Wnt-I and En-l expression in the embryonic brain
In contrast to the expression patterns at neural plate stages, the domain of Wnt-I expression at 9.5 dpc abuts but does not overlap that of Pax-2, and it is expressed exclusive of En-l in the dorsal midbrain (Figs. 3 and 4) . Thus, different mechanisms may be involved in the maintenance of Wnt-I and Engrailed. For example, interactions could occur across the midbrain-hindbrain junction between the Wnt-1 and EngrailecUPax expression domains. Mutation of Wnt-I in the mouse results in failure of development of the midbrain and anterior hindbrain, and a stepwise loss of Engrailed expression (McMahon et al., 1992) . Similarly, Wnt-I -I-mutants show no detectable midlhindbrain expression of Pax-2 or Pax-5 at 9.5 dpc (25 somites). This is presumably due to cell loss rather than effects on Pax gene expression per se, since Pax-2 expression is detected at earlier stages in the anterior hindbrain (data not shown).
These studies lay a groundwork for further investigation into possible regulatory interactions of Pax, Wnt and Engrailed genes in the developing mouse CNS. Gene targeting, in particular, provides an important means of examining a possible role for Pax-2 in this process.
Experimental procedures
Mouse strains
Embryos used in this study were generated from matings of B6CBAFi or Swiss Webster B males (SWB; Jackson Laboratories) and SWB females. For whole mount in situ analysis, embryos were immediately fixed in fresh 4% paraformaldehyde (Sigma) and subsequently stored in 100% methanol at -20°C.
Whole mount in situ hybridization
Whole mount in situ hybridization was performed essentially as described by Wilkinson (1992) using singlestranded digoxigenin-UTP labeled (Boehringer Mannheim) RNA probes. The Wnt-I probe construct contains a 1 kb region from the start of the 3' untranslated sequence to the polyadenylation site of the Wnt-I gene (van Ooyen and Nusse, 1984) . The En-l probe construct comprises coding cDNA with a 300 bp 3' untranslated region (provided by A. Joyner). The Pax-2 probe used is described by Dressler et al. (1990; provided by G. Dressler) . The Pax-5 probe construct comprises coding cDNA and 100 bp 3' untranslated region (Adams et al, 1992 ; provided by M. Busslinger). Photomicrographs of embryos (in 80% glycerol/PBS) in whole mount were taken using an Olympus SZH photomicroscope on Kodak 64T film. Photomicrographs of sectioned embryos were taken using Nomarski optics on a Leitz DMR microscope with Fuji Velvia film.
